Using a nonrelativistic constituent quark model in which the degrees of freedom are quarkantiquark and meson-meson components, we have recently shown that the D ( * ) K thresholds play an important role in lowering the mass of the physical D * s0 (2317) and Ds1 (2460) states. This observation is also supported by other theoretical approaches such as lattice-regularised QCD or chiral unitary theory in coupled channels. Herein, we extend our computation to the lowest P -wave Bs mesons, taking into account the corresponding J P = 0 + , 1 + and 2 + bottom-strange states predicted by the naive quark model and the BK and B * K thresholds. We assume that mixing with B ( * ) s η and isospin-violating decays to B ( * ) s π are negligible. This computation is important because there is no experimental data in the bs sector for the equivalent j (2460)) heavy-quark multiplet and, as it has been seen in the cs sector, the naive theoretical result can be wrong by more than 100 MeV. Our calculation allows to introduce the coupling with the D-wave B * K channel and to compute the probabilities associated with the different Fock components of the physical state.
I. INTRODUCTION
Despite many of the B s states should be accessible by the B-factories (CLEO, BaBar, Belle) and also by the proton-anti-proton colliders (CDF and D0), much of the bs excitation spectrum remains to be observed. Only the ground S-wave spin-singlet and spin-triplet states (B s and B * s ) and the orbitally excited B s1 (5830) and B * s2 (5840) mesons are presently well established [1] . It is expected that the situation will change in the near future thanks to the LHCb experiment and to the future high-luminosity flavour and p −p facilities.
In the heavy quark limit (m Q → ∞), flavour and spin symmetries hold and the open-flavoured heavy mesons can be classified in doublets. This is because in the heavy quark limit the spin s Q of the heavy quark and the total angular momentum of the light quark j q decouple and are separately conserved in strong interaction processes [2] . Therefore, Qq mesons can be classified according to the value of j q , and can be collected in doublets; the two states of each doublet are spin partners with total spin J = j q ± 1 2 and parity P = (−1) ℓ+1 , with ℓ the orbital angular momentum of the light degrees of freedom such as j q = ℓ + s q (s q is the light antiquark spin).
The well established B s1 (5830) and B * s2 (5840) states * pgortega@ific.uv.es † jorge.segovia@tum.de ‡ entem@usal.es § fdz@usal.es belong to the j P q = 3/2 + doublet and therefore the unambiguous experimental determination of the bs j P q = 1/2 + doublet is of particular interest because, following the predictions of heavy quark symmetry(HQS), they should be almost degenerated and broad. However, we know that the experimental values of the masses and widths of the D * s0 (2317) [3] and D s1 (2460) [4] mesons, which belong to the same multiplet but in the cs sector, do not accommodate into the theoretical estimates.
We have recently argued in Ref. [5] that the disagreement between theory and experiment for the D * s0 (2317) and D s1 (2460) mesons can be explained as a delicate compromise between the bare masses and the coupling with their respective DK and D * K thresholds. The study of Ref. [5] taught us that the traditional quark model do not reproduce the masses and widths of the D * s0 (2317) and D s1 (2460) mesons. When, following the proposal of Ref. [6] , we include one-loop corrections to the one-gluon exchange potential as derived by Gupta et al. [7] , these α [8, 9] and by lattice-regularised QCD com- putations [10, 11] .
In this work we closely follow Ref. [5] and address the mass-shifts, due to the B ( * ) K thresholds, of the lowest lying P -wave bs states with total spin and parity quantum numbers J P = 0 + , 1 + , 2 + . A first lattice-regularised QCD study of the lowestlying P -wave bottom-strange mesons in which B ( * ) K operators are explicitly incorporated in the interpolator basis has been recently released [12] . We shall mainly compare our results with the ones obtained by them, but a number of phenomenological model and effective field theory (EFT) mass determinations of the same states can be found in Tables I and II. The first conclusion one can obtain from such tables is that the naive quark models, including the recent calculation of Godfrey et [27] and [28] for reviews).
In order to keep the predictive power of the formalism we do not change any model parameter. Moreover, it is worth to emphasize here that the quark model has been applied to a wide range of hadronic observables, e.g. Refs. [29] [30] [31] [32] [33] [34] [35] [36] , and thus the model parameters are completely constrained.
The manuscript is arranged as follows. In Sec. II we describe briefly the main properties of our theoretical formalism. Section III is devoted to present our results for the lowest lying P -wave B s states with total spin and parity quantum numbers J P = 0 + , 1 + , 2 + . We finish summarizing and giving some conclusions in Sec. IV.
II. CONSTITUENT QUARK MODEL
Constituent light quark masses and Goldstone-boson exchanges, which are consequences of dynamical chiral symmetry breaking in Quantum Chromodynamics (QCD), together with the perturbative one-gluon exchange and a nonperturbative confining interaction are the main pieces of our constituent quark model [26, 28] .
A simple Lagrangian invariant under chiral transformations can be written in the following form [37] 
where M (q 2 ) is the dynamical (constituent) quark mass and U γ5 = e iλaφ a γ5/fπ is the matrix of Goldstone-boson fields that can be expanded as
The first term of the expansion generates the constituent quark mass while the second gives rise to a oneboson exchange interaction between quarks. The main contribution of the third term comes from the two-pion exchange which has been simulated by means of a scalarmeson exchange potential.
In the heavy quark sector chiral symmetry is explicitly broken and Goldstone-boson exchanges do not appear. However, it constrains the model parameters through the light-meson phenomenology [38] and provides a natural way to incorporate the pion exchange interaction in the molecular dynamics.
The one-gluon exchange (OGE) potential is generated from the vertex Lagrangian
where λ c are the SU (3) colour matrices and G µ c is the gluon field. The resulting potential contains central, tensor and spin-orbit contributions.
To improve the description of the open-flavour mesons, we follow the proposal of Ref. [6] and include one-loop corrections to the OGE potential as derived by Gupta et al. [7] . These corrections show a spin-dependent term which affects only mesons with different flavour quarks.
It is well known that multi-gluon exchanges produce an attractive linearly rising potential proportional to the distance between infinite-heavy quarks. However, sea quarks are also important ingredients of the strong interaction dynamics that contribute to the screening of the rising potential at low momenta and eventually to the breaking of the quark-antiquark binding string [39] . Our model tries to mimic this behaviour using the following expression:
where a c and µ c are model parameters. Explicit expressions for all the potentials and the value of the model parameters can be found in Ref. [26] , updated in Ref. [40] . Meson eigenenergies and eigenstates are obtained by solving the Schrödinger equation using the Gaussian Expansion Method [41] .
The quark-antiquark bound state can be strongly influenced by nearby multiquark channels. In this work, we follow Refs. [35, 36] to study this effect in the spectrum of the bottom-strange mesons and thus we need to assume that the hadronic state is given by
where |ψ α are bs eigenstates of the two-body Hamiltonian, φ M are wave functions associated with the A and B mesons, |φ A φ B β is the two meson state with β quantum numbers coupled to total J P quantum numbers and χ β (P ) is the relative wave function between the two mesons in the molecule. To derive the meson-meson interaction from the quark-antiquark interaction we use the Resonating Group Method (RGM) [42] .
The coupling between the quark-antiquark and mesonmeson sectors requires the creation of a light quark pair. The operator associated with this process should describe also the open-flavour meson strong decays and is given by [43] 
where µ (ν) are the spin, flavour and colour quantum numbers of the created quark (antiquark). The spin of the quark and antiquark is coupled to one. The
is the solid harmonic defined in function of the spherical harmonic. We fix the relation of g s with the dimensionless constant giving the strength of the quarkantiquark pair creation from the vacuum as γ = g s /2m, being m the mass of the created quark (antiquark).
From the operator in Eq. (6), we define the transition potential h βα (P ) within the 3 P 0 model as [36] 
where P is the two-meson relative momentum. The usual version of the 3 P 0 model gives vertices that are too hard specially when we work at high momenta. Following the suggestion of Ref. [44] , we use a momentum dependent form factor to truncate the vertex as
where Λ = 0.84 GeV is the value used herein. Adding the coupling with bottom-strange states we end-up with the coupled-channels equations
where M α are the masses of the bare bs mesons and H β ′ β is the RGM Hamiltonian for the two-meson states obtained from theinteraction. Solving the coupling with the bs states, we arrive to a Schrödinger-type equation where
III. RESULTS
The heavy-quark doublet j P q = 3/2 + is well established in the PDG, with the B s1 (5830) and B * s2 (5840) mesons belonging to this doublet. Table III shows the predicted masses within the naive quark model; one can see our results taking into account the one-gluon exchange potential (α s ) and including its one-loop corrections (α 2 s ). In both cases our values are slightly higher than the experimental figures but compatible.
The mass of the B * s0 state obtained using the naive quark model and without the one-loop spin corrections to the OGE potential is 5851 MeV, which is compatible with the quark model predictions shown in Table I but, nevertheless, is much higher than the average value predicted by lattice and EFT approaches. The mass associated to the B * s0 state is sensitive to the α 2 scorrections of the OGE potential. This effect brings down its mass about 50 MeV but still is incompatible with the lattice and EFT results. The mass-shift due to the α 2 s -corrections allows the 0 + state to be closer to the BK threshold. This makes the BK coupling a relevant dynamical mechanism in the formation of the B * s0 bound state. When we couple the 0 + bs ground state with the BK threshold the mass goes down towards 5741 MeV (Table IV) , in good agreement with lattice and EFT estimations.
We turn now to discuss the probabilities of the different Fock components in the physical state. The latticeregularised QCD study of Ref. [12] is only able to remark that both quark-antiquark and meson-meson lattice interpolating fields have non-vanishing overlaps with the physical state. Our wave function probabilities are given in Table IV which reflects that the B * s0 meson is mostly of quark-antiquark nature. This is in agreement with the fact that lattice-regularised QCD computations observe this state even with onlyinterpolators [19] .
In our model the probability of the BK state depends basically on three quantities: the bare meson mass, the 3 P 0 coupling constant and the residual BK interaction. Obviously, as neither of the three are observables, they can take different values depending on the dynamics, making the results, and hence the BK probability, model dependent. No model parameters have been changed from our study of the D * s0 (2317) meson in Ref. [5] . Moreover, the above mentioned quantities have been constrained in previous works by reproducing other physical observables like strong decays [43] (the 3 P 0 coupling constant), bottomonium spectrum (the bare mass) [45] and N N and pp interactions (the BK residual interaction) [46, 47] .
The scattering length is sensitive to the BK compositeness in the B * s0 wave function. Therefore, to complete the analysis of the J P = 0 + bs sector, we have calculated the value of the scattering length from the value of the T -matrix at threshold, obtaining a BK 0 = −1.18 fm. This value is compatible with the one reported by Ref. [12] , that is, a BK 0 = (−0.85 ± 0.10) fm, where the difference may originate from the binding energies predicted in each study.
In addition to the B * s0 state below the BK threshold, we find a resonance with mass 5.88 GeV and width 300 MeV which is denoted as B R s0 in Table IV . The resonance is a ∼ 84 % bs state which comes from the residual bare pole, that does not disappear but it is dressed with the BK interaction and quickly moves into the complex plane. This resonance can be potentially observed in the BK channel, but its large width is a handicap for the experiments.
The quark model including α Tables II and III) . However, the average of phenomenological model predictions, including our naive one, is around 80 MeV higher than lattice studies and EFT estimations.
We couple the two 1 + bs states associated with the B ′ s1 and B s1 (5830) mesons with the B * K threshold. Following lattice criteria, we couple first the channel in an S-wave. One can see in Table V that the state associated with the B ′ s1 meson goes down in the spectrum and it is located below B * K threshold. Our value, 5793 MeV, is compatible within errors with lattice data and with most of the EFT estimates. The state associated with the B s1 (5830) meson is almost insensitive to the B * K S-wave coupling. The mass predicted in this case is m Bs1(5830) = 5850 MeV, which is the same than the one obtained using quark model without coupling. This is because the B s1 (5830) state is the J P = 1 + member of the j P q = 3/2 + doublet predicted by HQS and thus it couples mostly in a D-wave to the B * K threshold. It is important to highlight that the lattice computation of Ref. [12] does not take into account the coupling of the B s1 (5830) meson to the B * K threshold either in Sor D-wave. This is because the coupling of the B * K in D-wave is not easy to implement and, moreover, they assume that the coupling to B * K in S-wave is small.
The coupling in D-wave of the B * K threshold is trivially implemented in our approach. Table V shows that the state associated with the B ′ s1 meson experience a negligible modification. This is understandable because it is almost the |1/2, 1 + eigenstate of HQS. The state associated with B s1 (5830) meson suffers a moderate mass-shift with a final mass of 5833 MeV. This value compares nicely with the one reported in Ref. [12] : (5831 ± 10) MeV, but the coupling in D-wave of the B * K threshold in the lattice result needs to be incorporated in order to make a stronger statement. In any case, our result for the B s1 (5830) is compatible with other theoretical approaches and with the experimental value reported in PDG. and 50% for the B s1 (5830). It is also interesting to point out that the relation between the quark-antiquark partial wave components is close to the predictions of HQS, being the B ′ s1 meson a dominant j q = 1/2 state (81%) and the B s1 (5830) a j q = 3/2 state (83%). One can also see in Table V that meson, keeping the probabilities pretty much the same. However, the D-wave coupling of the B * K channel is relatively important in the formation of the B s1 (5830) with a contribution to its physical wave function of about 37%. Moreover, in the case of the B s1 (5830), the distribution of the meson-meson component in S-and Dwave channels does not affect very much the probabilities of the quark-antiquark components, being still dominant the j q = 3/2 HQS state.
As in the J P = 0 + bs sector, we can predict the value of the scattering length for the S-wave B * K channel, a predicted in each study can account for the difference in the predicted scattering lengths.
In the J P = 1 + bs sector we also find a broad resonance above the B * K threshold. It is originated from the j P q = 1/2 + component of the bare bs pole, which is largely dressed with the B * K S-wave interaction. This resonance, labelled B R s1 in Table V , is located at the mass region of 5.94 GeV and has a width of 271 MeV, which complicates but not forbids its possible experimental observation.
Only quark-antiquark operators were used in the lattice study [12] of the B * s2 (5840) meson. They obtained a value of (5853 ± 13) MeV for the mass. This is in qualitative agreement with experiment and with our naive quark model prediction, confirming that this state can be described well within the bs picture.
Finally, let us clarify that we have omitted the possible coupling of the states to the B ( * ) s π channels since they violate isospin and thus the effect should be subleading. We also neglect effects coming from the B ( * ) s η coupling, partially motivated by the threshold lying O(140 MeV) above the B ( * ) K threshold. Similar criteria has been followed by the lattice analysis of Ref. [12] .
IV. EPILOGUE
Within the formalism of a nonrelativistic constituent quark model in which quark-antiquark and meson-meson components are incorporated, we have performed a coupled-channel computation taking into account the J P = 0 + , 1 + and 2 + bottom-strange states predicted by the naive quark model and the BK and B * K thresholds. Our method allows to introduce the coupling with the D-wave B * K channel and to compute the probabilities associated with the different Fock components of the physical state, features which cannot be addressed nowadays by other theoretical approaches.
Our study has been motivated by the fact that there are no experimental evidences of the bs mesons which belong to the doublet j P q = 1/2 + and, as it has been seen in the cs sector [5] , the naive theoretical result can be wrong by more than 100 MeV. In order to keep the predictive power of the formalism we do not change any parameter of the calculation in Ref. [5] . Moreover, it is worth to emphasize again that the quark model has been applied to a wide range of hadronic observables and thus the model parameters are completely constrained.
The level assigned to the B * s0 meson within the naive quark model is much higher than the ones predicted by lattice and EFT approaches. However, it has been shown that the value is compatible with other phenomenological model predictions. The one-loop corrections to the OGE potential brings down this level and locates it slightly above the BK threshold. This makes the coupling with the nearby threshold to acquire an important dynamical role. When coupling, the level is down-shifted again towards the average mass obtained by lattice and EFT formalisms. We predict a probability of around 40% for the BK component of the B * s0 wave function. Lattice QCD can only state that both quark-antiquark and meson-meson operators have important overlaps with the physical state.
The B ′ s1 and B s1 (5830) mesons appear almost degenerated using the naive quark model that includes the one-loop corrections to the OGE potential. We have coupled the two 1 + bs states associated with the B ′ s1
and B s1 (5830) mesons with the B * K threshold. When coupling the B * K channel in a S-wave, the B ′ s1 state goes down in the spectrum and it is located below B * K threshold with a mass compatible with lattice and EFT predictions. The B s1 (5830) meson is almost insensitive to this coupling because it is the |3/2, 1 + state predicted by HQS and thus couples mostly in a D-wave to the B * K. When such coupling is included the state associated with B s1 (5830) meson suffers a moderate mass-shift and it is in very good agreement with other theoretical approaches and with the value reported in PDG. We observe that the meson-meson component is around 50% for both B ′ s1
and B s1 (5830) mesons, taking the quark-antiquark partial waves the other 50%.
It is worth mentioning that, while finishing the preparation of this work, a new study was published [48] supporting the idea that the B * s0 and the B ′ s1 should be in the mass region of 5720 and 5770 MeV, respectively. Such values are compatible with other EFT predictions and with the results presented in this work.
Finally, the mass of the B * s2 (5840) meson is predicted reasonably well within our quark model approach taking into account only quark-antiquark degrees-offreedom. The same conclusion has been drawn by latticeregularised QCD computations.
